Introduction
Pseudomonas aeruginosa (P. aeruginosa) infection develops rapidly, destroying the cornea, with a higher incidence of disease in extended-wear contact lens users. 1 Studies from our laboratory have provided mounting evidence that a CD4 þ T cell (Th1)-dominated response following P. aeruginosa corneal infection is associated with susceptibility and corneal perforation in C57BL/6 (B6) mice, and that IFN-g is involved, at least partially, in this process. 2 Other inbred strains of mice favouring a Th1 response, such as C57BL/10 and B10.D2/nSn, are also susceptible to infection, 3 suggesting that CD4 þ T cells and a Th1-dominant cytokine profile in mice infected with P. aeruginosa are predictive of corneal destruction and poor disease outcome.
Development of a Th1 response classically depends upon the presence of IL-12 as well as the ability of T cells to respond to this cytokine. [4] [5] [6] IL-12 is functionally pleiotropic and exhibits a number of bioactivities that may modulate infectious disease progression, including enhancing proliferative and cytotoxic activity of NK and T cells, inducing Th1 T cell differentiation, and influencing the production of other immunoregulatory cytokines, particularly IFN-g and TNF-a. IL-12 has been localized in the cornea of B6 mice after P. aeruginosa infection, 7 but is not present in similarly infected BALB/c mice. 8 However, whether or not BALB/c mice are capable of responding to exogenous IL-12 and whether after such treatment the disease response is altered, remain unknown and were addressed by this study. Since neutralization of IFN-g, a predominant Th1-type cytokine, before infection in B6 mice prevented corneal perforation, 2 we elected to test the expression of this cytokine in the cornea of infected rIL-12-treated BALB/c mice. TNF-a, another proinflammatory cytokine induced by IL-12, was also examined. Alternatively, since levels of IL-4 were decreased after rIL-12 injection of BALB/c mice, the neutralizing effect of this anti-inflammatory cytokine was tested in B6 mice to determine if injection of rIL-4 ameliorated disease in susceptible mice.
Materials and methods

Infection of mice
Female B6 and BALB/c mice (8-week-old) were purchased from The Jackson Laboratories (Bar Harbor, ME, USA) and maintained in an isolator unit. Before corneal infection, mice were anaesthetized with isoflurane (Aerrane, Anaquest, Madison, WI, USA) and placed beneath a stereoscopic microscope at Â 40 magnification. Using a sterile 25 5/8-gauge needle, the central cornea of the left eye was scarified with three 1 mm incisions. A 5 ml bacterial suspension containing 1.0 Â 10 6 colony forming units (CFU) of P. aeruginosa, American Type Culture Collection (ATCC) strain 19660, prepared as described before, 2 was topically applied onto the scarified cornea. Eyes were examined macroscopically at 24 h postinfection (p.i.) and at times described below to ensure that all mice were similarly infected and to monitor the course of disease, respectively. All animals were treated humanely and in full compliance with The Association for Research in Vision and Ophthalmology (ARVO) resolution on usage and treatment of animals in ocular research.
Ocular response to infection
After bacterial infection, ocular disease was graded using an established scale: 9 0, clear or slight opacity partially covering the pupil; þ 1, slight opacity fully covering the entire anterior segment; þ 2, dense opacity partially or fully covering the pupil; þ 3, dense opacity covering the entire anterior segment; and þ 4, corneal perforation. Five mice from each experimental group (rIL-12 or rIL-4 vs vehicle-treated) were examined at 1, 3, and 5 days p.i. A mean clinical score was calculated for each group of mice to express disease severity.
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Immunostaining
Normal uninfected eyes from BALB/c and B6 mice were enucleated (n ¼ 3 eyes/group) and embedded in Tissue Tek Optimal Cryogenic Temperature (OCT) compound (Miles, Elkhart, IN, USA), snap frozen in liquid nitrogen, and stored at -701C before immunostaining. Frozen sections (10 mm in thickness) of cornea were cut on a Microm cryostat (Fisher Scientific, Itasca, IL, USA). Before immunostaining, sections were stored at 371C overnight and then fixed in cold acetone at -201C for 2 min and washed with 0.01 M PBS, 2-3 times. Sections were covered with PBS containing 1% BSA and 0.05% Tween-20 in a moist chamber for 30 min to block nonspecific binding. Afterwards, sections were incubated for 1 h with a primary goat anti-mouse Ab specific for IL-12 p40 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) (1 : 100 dilution), followed by a 30 min incubation with 0.3% hydrogen peroxide (H 2 O 2 ) to block endogenous peroxidase. Sections were incubated for 1 h with a rabbit anti-goat biotinylated secondary antibody in Tris-HCl buffer with 0.1% Tween-20 in a moist chamber. Horseradish peroxidase-conjugated avidin (1 : 50 dilution; Zymed, San Francisco, CA, USA) was incubated with the sections for 30 min and immunoreactive cells were visualized after colour development for 15 min with 3,3'-diaminobenzidine tetrahydrochloride (Pierce, Rockford, IL, USA). Between incubations, slides were washed with PBS and drained dry. Sections were counterstained with Gill's haematoxylin (Polyscience, Warrington, PA, USA) and cleared with a modified mountant containing 10% glycerol and 1% p-phenylenediamine dihydrochloride.
RT-PCR
Corneas were removed from BALB/c mice at 3 and 5 days p.i., frozen in liquid nitrogen, and stored at -801C. Frozen samples were homogenized in RNA STAT-60 (Tel-Test, Friendsville, TX, USA) and total RNA was isolated following the manufacturer's instruction. Total RNA (100 ng) was reverse transcribed using oligo(dT) primers (GIBCO BRL, Grand Island, NY, USA) and reverse transcriptase (Invitrogen) in the presence of 10 U of RNase inhibitor (Promega, Madison, WI, USA). Amplification of cDNA was carried out with Taq polymerase (GIBCO BRL) and specific primers for IFN-g, TNF-a, IL-4, and b-actin in a GeneMate Thermal Cycler (ISC BioExpress, Kaysville, UT, USA). Cycling conditions were 941C for 40 s, 601C for 50 s, 721C for 1 min for 42, 30, and 32 cycles for IFN-g, TNF-a, and IL-4, respectively, and a final extension at 721C for 10 min. The primers used were 5'-TGC ATC TTG GCT TTG CAG CTC TTC CTC ATG GC-3' (sense) and 5'-TGG ACC TGT GGG TTG IL-12 in P. aeruginosa infection LD Hazlett et al 864 TTG ACC TCA AAC TTG GC-3' (antisense) for IFN-g; 5'-GCA AGC TTC GCT CTT CTG TCT ACT GAA CTT CGG-3' (sense) and 5'-GCT CTA GAA TGA GAT AGC AAA TCG GCT GAC GG-3' (antisense) for TNF-a; 5'-GGG GGG ATT TGT TAG CAT CTC TTG-3' (sense) and 5-CAC TCT CTG TGG TGT TCT TCG TTG C-3' (antisense) for IL-4; and 5'-GTG GGC CGC TCT AGG CAC CAA-3' (sense) and 5'-CTC TTT GAT GTC ACG CAC GAT TTC-3' (antisense) for b-actin, respectively. Control RT-PCR without reverse transcriptase during RT was carried out to confirm the lack of DNA contamination in the total RNA samples. A volume of 20 ml of final PCR products was analysed by electrophoresis on 1.2% agarose gels stained with ethidium bromide.
Reactive bands were visualized under UV transillumination and quantitated using an AlphaImager 2000 Documentation and Analysis system (Alpha Innotech Corporation, San Leandro, CA, USA).
Integrated density values (IDV) for IFN-g, TNF-a, and IL-4 PCR products were corrected for the amount of b-actin on each sample and data are expressed as the mean IDV of samples from five separate mice for each experimental time point.
Recombinant cytokine treatment
Recombinant murine IL-12 and IL-4 were purchased from PeproTech (Rocky Hill, NJ, USA). BALB/c and B6 mice (n ¼ 5/group) were injected i.p. three times (1 day before and 1 and 3 days p.i.) with 1 mg rIL-12 (BALB/c) or rIL-4 (B6) diluted in 0.05% PBS/BSA (vehicle). Control mice for each group similarly received an equal volume of vehicle.
Histopathology
Eyes (n ¼ 3/group) were enucleated at 5 and 7 days p.i. from rIL-12 vs PBS/BSA-treated BALB/c mice and rIL-4 vs PBS/BSA-treated B6 mice. Eyes were immersed in PBS, rinsed and placed in a fixative containing 1% osmium tetroxide, 2.5% glutaraldehyde, and 0.2 M Sorenson's phosphate buffer (pH 7.4) (1 : 1: 1) at 41C for 3 h. Eyes were dehydrated in graded ethanols and embedded in Epon-araldite as described. 2 Thick sections (1.5 mm) were cut, stained with a modified Richardson's stain, and observed. Representative sections were photographed using a Zeiss Axiophot microscope (Carl Zeiss, Morgan Instruments, Inc., Cincinnati, OH, USA). 2 
Statistical analysis
An unpaired, two-tailed Student's t-test was used to determine statistical significance for data from RT-PCR and mean clinical score analyses. Differences (mean7SEM) were considered significant at Pr0.05. All experiments were repeated at least twice to ensure reproducibility, and representative data from a single experiment are shown.
Results
Immunostaining
Previous experiments from this laboratory have provided evidence that IL-12 mRNA transcripts and protein were detectable in the cornea of B6 but not BALB/c mice following infection. 7, 8 However, constitutive expression of IL-12 p40 and its distribution in the cornea had not been tested before. Figure 1 (a and b) shows immunostaining for IL-12 p40 in normal, uninfected B6, and BALB/c mouse cornea. Surprisingly, positive immunostaining for IL-12 p40 was detected in the corneal epithelium of uninfected B6 mice. Predictably, no staining was seen in the cornea of similarly treated BALB/c mice.
rIL-12-treated BALB/c mice
To ascertain whether BALB/c mice were able to respond to IL-12, they were injected with rIL-12 or PBS/BSA (vehicle), and ocular disease response differences were monitored after P. aeruginosa challenge. The data are shown in Figure 2 . At 1 day p.i., no significant difference (P ¼ 0.15) was observed in the cornea of the rIL-12-injected when compared with vehicle-treated mice. A significant difference was observed in mean clinical scores between rIL-12 vs vehicle-treated mice at 3, 5, and 7 days p.i. (P ¼ 0.018, 0.0016, and 0.001 at 3, 5, and 7 days p.i., respectively). At these later times, all rIL-12-injected mice exhibited a similar increased mean clinical score ( þ 3 to þ 4) indicating worsening of disease, while the cornea of vehicle-treated mice remained similar in appearance to the slight level of opacity observed at 1 day p.i. By 7 days p.i., all the corneas of rIL-12-treated mice had perforated ( þ 4) while corneas of vehicle-treated mice began to clear.
Slit lamp and histopathology
Corneas from rIL-12 vs PBS/BSA-treated BALB/c mice were also examined by slit lamp and histopathologically at 7 days p.i. These data are presented in Figures 3 and 4 .
The cornea of rIL-12-treated mice (Figures 3a and 4a ) had perforated with numerous inflammatory cells persisting in the cornea and the anterior chamber (Figure 3a) , while the cornea of PBS/BSA-treated mice exhibited only slight opacity (Figure 3b ) with few to no inflammatory cells detectable histopathologically (Figure 4b ). 
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IFN-c and TNF-a expression in corneas of rIL-12-treated BALB/c mice
We next used RT-PCR to test mRNA levels for IFN-g and TNF-a in rIL-12 vs PBS/BSA-treated BALB/c mice. Expression levels for IFN-g ( Figure 5 ) and TNF-a ( Figure 6 ) mRNA were significantly increased (P ¼ 0.006, and 0.04 at 3 and 5 days p.i., respectively, for IFN-g; P ¼ 0.005 and 0.03 at 3 and 5 days p.i., respectively, for TNF-a) in the corneas of rIL-12-treated when compared with vehicle-treated BALB/c mice.
IL-4 mRNA expression in corneas of rIL-12-treated BALB/c mice
As a pleiotropic Th2-type cytokine, IL-4 drives the development of Th2 T cells and is considered a prototypic anti-inflammatory cytokine associated with humoral immunity. Since IL-4 mRNA transcripts were constitutively expressed in the cornea of BALB/c mice (data not show), we next tested for the level of IL-4 mRNA expression in rIL-12 vs vehicle-treated mice after infection using RT-PCR (Figure 7 ). Decreased mRNA expression levels for IL-4 were observed at 3 and 5 days p.i. in the corneas of rIL-12 vs vehicle-treated mice, but the decrease was significant only at 3 days p.i. (P ¼ 0.0004 and 0.11 at 3 and 5 days p.i.).
rIL-4-treated B6 mice
To test the biological relevancy of the above data indicating that IL-4 may be associated with development Corneas from rIL-4 vs vehicle-treated B6 mice were also examined histopathologically. These data are presented in Figure 10 . At 5 days p.i., the cornea of rIL-4-treated (Figure 10a ) as well as vehicle-treated B6 mice ( Figure  10b ) had thinned extremely and/or were perforated with numerous inflammatory cells persisting in the cornea and the anterior chamber.
Discussion
Previous studies from this laboratory indicated that in BALB/c mice, a Th2-dominated response was associated with corneal healing (resistance) following P. aeruginosa infection 2 and that IL-12 p40 mRNA was not detectable at any time after infection in the cornea of these mice. 8 Further studies showed that several other mouse strains favouring development of a Th2-type response were resistant to corneal infection, whereas strains favoring Th1 responsiveness were susceptible. 3 Current work, reported herein, focused on the capability of BALB/c mice to respond to exogenous rIL-12 administration. Also addressed were the regulatory role of IL-12 in induction of IFN-g and TNF-a, the effects of rIL-12 injection on IL-4 levels in cornea, and whether disease responsiveness following P. aeruginosa challenge was modified after rIL-4 injection.
IL-12 participates in the regulation of and influences the characteristics of the adaptive immune response. 10 As a product of macrophages and other antigen presenting cells, [11] [12] [13] [14] IL-12 appears to set the stage for effective helper type-1 T-cell responses which result in IFN-g production and subsequent cell-mediated immunity. 12, [15] [16] [17] [18] [19] [20] [21] [22] On LPS activation of phagocytic cells, accumulation of IL-12 p40 mRNA is seen within hours and then subsides.
7,23-25 IFN-g is the predominant cytokine induced and its continued upregulation, if unchecked or unbalanced, represents a dangerous loop that leads to excess proinflammatory cytokine production and tissue toxicity. 7 To further investigate the role of IL-12 in our model system, immunostaining was used to determine if IL-12 p40 protein levels were constitutively upregulated in the uninfected cornea of B6 vs BALB/c mice. Surprisingly, the data showed that IL-12 p40 protein was detectable in the corneal epithelium of uninfected B6, and, predictably, not similarly detectable in BALB/c mice ( Figure 1 ). These results suggest that epithelial overgeneration of IL-12 p40 may be a key determinate for bacterial-induced inflammation and a candidate for epithelial immune response genes that are abnormally programmed in this ocular inflammatory disease. In support of this concept, other investigators, using mouse models of lung inflammatory disease, found that IL-12 p40 overproduction by barrier epithelial cells during airway inflammation was a key intermediate for virus-induced inflammation in the lung. They also observed IL-12 p40 overexpression selectively in airway epithelial cells in asymptomatic human subjects with asthma, and immunostaining revealed concomitant increases in airway levels of IL-12 p40 and airway macrophages. 26 That epithelial cells are a source of IL-12 is also supported by past studies. In this regard, others have shown IL-12 p40 mRNA expression and IL-12 release in epidermal cell preparations from skin treated with trinitrochlorobenzene. IL-12 appeared to be generated by keratinocyes, as it persisted when immune cells were depleted from the preparation. 27 In the light of the above, as well as previous data from our laboratory, 7, 9 we next hypothesized that administration of exogenous rIL-12 might lead to enhanced IFN-g and TNF-a production, resulting in increased pathogenesis and corneal perforation. At 1 day p.i., similar corneal disease was detected in both rIL-12-and PBS/BSA-treated BALB/c mice, but significant differences were observed at 3, 5 and 7 days p.i. At the later times, all rIL-12-injected mice exhibited an increased mean clinical score ( þ 2 to þ 4), indicating worsening of disease, while the corneas of vehicle-treated mice remained similar in appearance to the slight level of opacity observed at the initiation of infection (1-2 days p.i.). Slit lamp and histopathology confirmed the mean clinical score data and RT-PCR analysis revealed that IFN-g and TNF-a transcripts increased significantly at 3 and 5 days p.i., in the corneas of rIL-12 vs vehicle-injected mice. These data provide substantive evidence that BALB/c mice are capable of responding to exogenous IL-12 and that the cytokine can promote the susceptible phenotype through increasing IFN-g and TNF-a production in the Th2 responder mouse strain. These data are also consistent with a recent study from the laboratory, 9 which revealed that IL-18 contributes to the resistance response by induction and tighter regulation of IFN-g, and that this cytokine is required for bacterial killing and disease resolution.
Because Th2-derived cytokines such as IL-4 promote humoral immunity and may oppose Th-1-dependent activities, 28 IL-4 levels were also determined in rIL-12 vs vehicle-injected BALB/c mice. Significant reduction in levels of this cytokine were observed in the recombinant protein vs vehicle-injected animals, suggesting that IL-4 may exert a protective role in this ocular model of bacterial infection. To test the in vivo relevance of these data, we next injected susceptible, B6 mice with rIL-4 to determine if exogenous cytokine could attenuate ocular disease after P. aeruginosa challenge. Although a significant difference was observed transiently in mean clinical scores between rIL-4 vs vehicle-treated mice, the final outcome (mean clinical score of þ 4, or perforation), confirmed by slit lamp and histopathology, was not changed by injection of the cytokine. In contrast, in other studies, 29 using a mouse model of S. aureus intravenous challenge, which, in common with our susceptible B6 mouse ocular model, is associated with increased disease that is dependent upon a Th1-type response and IFN-g production, it was found that IL-4 and IL-10 were protective, probably owing to regulation of IFN-g. We have as yet not tested the anti-inflammatory effects of IL-10 or IL-4 and IL-10 in combination. We would predict that either IL-10 alone, or with IL-4, may attenuate disease in our susceptible mouse model. We predict this outcome based upon previous work, which found that IL-10 was protective in the lung against P. aeruginosainduced pneumonia. 30 Alternatively, it is also possible that IL-10 could enhance disease, as has been shown in a model of endotoxin-induced uveitis. 31 In summary, our data show that despite their propensity for Th2 responsiveness, resistant BALB/c mice are capable of responding to exogenous IL-12 and can generate a Th1-type response (susceptible phenotype) through increased IFN-g and TNF-a production, concomitant with a reduction in corneal levels of IL-4. Evidence is also provided showing that exogenous injection of rIL-4 is insufficient to rescue the susceptible B6 mouse strain from corneal perforation after bacterial challenge.
